High-elevation cold environments are considered ideal places to test hypotheses about mechanisms of bacterial colonization and succession, and about bacterial biogeography. Debris-covered glaciers (glaciers whose ablation area is mainly covered by a continuous layer of rock debris fallen from the surrounding mountains) have never been investigated in this respect so far. We used the Illumina technology to analyse the V5 and V6 hypervariable regions of the bacterial 16S rRNA gene amplified from 38 samples collected in July and September 2009 at different distances from the terminus on two debris-covered glaciers (Miage and Belvedere-Italian Alps). Heterotrophic taxa-dominated communities and bacterial community structure changed according to ice ablation rate, organic carbon content of the debris and distance from the glacier terminus. Bacterial communities therefore change during downwards debris transport, and organic carbon of these recently exposed substrates is probably provided more by allochthonous deposition of organic matter than by primary production by autotrophic organisms. We also investigated whether phylotypes of the genus Polaromonas, which is ubiquitous in cold environments, do present a biogeographical distribution by analysing the sequences retrieved in this study together with others available in the literature. We found that the genetic distance among phylotypes increased with geographic distance; however, more focused analyses using discrete distance classes revealed that both sequences collected at sites o100 km and at sites 9400-13 500 km to each other were more similar than those collected at other distance classes. Evidences of biogeographic distribution of Polaromonas phylotypes were therefore contrasting.
Introduction
Debris-covered glaciers (DCGs) are mountain glaciers (that is, all the glaciers but ice sheets) whose ablation area is covered mostly by debris (Benn and Evans, 2010) . DCGs are common on mountain ranges of Asia (Himalaya, Karakoram and Tien Shan), South America (Andes), Alaska, New Zealand and Alps (Smiraglia et al., 2000; Diolaiuti et al., 2003; Mihalcea et al., 2008; Benn and Evans, 2010) . Thick supraglacial debris reduces the rate and magnitude of buried ice ablation (Østrem, 1959; Nakawo and Rana, 1999) , but the debris surface can be heated by solar radiation to temperatures that can exceed þ 30 1C (Brock et al., 2010) . The debris cover of DCGs is characterized by continuous rock substrate inputs at the highest part of the glacier. The debris is mainly composed of clasts, ranging in size from millimetres to metres, which fall on the glacier surface from surrounding mountains. The debris of DCGs therefore differs from the fine wind-blown particles that constitute the cryoconite, the most abundant debris in the central parts of debris-free glaciers (Laybourn-Parry et al., 2012) . The debris is then transported down valley for times that, on some glaciers, can be as long as a century (Pelfini et al., 2007) . As a result, the glacier surface is covered by a continuous debris layer, whose thickness generally increases toward the glacier terminus. The long transport on the glacier surface allows debris weathering and alteration, and its colonization not only by microorganisms but also by animals (for example, arthropods) and plants (Pelfini et al., 2007 (Pelfini et al., , 2012 Caccianiga et al., 2011; Gobbi et al., 2011) . Ecological communities therefore exist on the surface of DCGs, and may be structured according to a chronosequence, with communities increasing in complexity towards the glacier terminus (Gobbi et al., 2011) .
The rock coverage of DCGs, by virtue of its ecological features, allows the investigation of ecological hypotheses about microbial colonization and succession of microbial communities in extreme environments, but has been neglected so far in ecological and microbiological studies. Indeed, in Alpine environments, microbial succession studies have typically been conducted only on glacial forefields, where the distance from the receding glacier front served as a proxy for time since organism colonization Nicol et al., 2005; Nemergut et al., 2007; Schmidt et al., 2008; Sattin et al., 2009; Schutte et al., 2009 Schutte et al., , 2010 Philippot et al., 2011) .
In this study, we collected, at increasing distances from glacier terminus, 38 samples of the debris coverage of two Italian DCGs, the Miage (Valle d' Aosta-Italy) and the Belvedere (Piemonte-Italy) glaciers, and used the Illumina technology to provide a thorough description of the microbial communities, by 16S rRNA gene tag-deep sequencing. The first aim of this study was therefore to verify two hypotheses about microbial communities in the extreme environment of DCGs: (1) that the structure of the microbial communities along the glacier surface changes according to time of exposure of the debris, and (2) that microbial successions of these environments are dominated by autotrophic bacteria in the first stages and by heterotrophic bacteria in later stages.
High-elevation cold environments are considered ideal model systems for microbial biogeographical studies, as they are 'extreme' ecosystems, are geographically widespread and separated to one another, usually contain low microbial diversity and are linked to one another by the movements of cold dry air masses (Darcy et al., 2011) . The bacterial genus Polaromonas is among the dominant bacterial taxa in glacial ice and sediments worldwide, and its presence has been reported particularly in recently deglaciated substrates (Frey et al., 2010; Darcy et al., 2011; Michaud et al., 2012) . It is therefore a suitable model taxon for investigating biogeographical patterns of distribution of microorganisms. This study also aims at analysing Polaromonas sequences found on the Miage and Belevedere glaciers together with others published in the literature (Darcy et al., 2011) to investigate whether Polaromonas phylotypes do present a biogeographical distribution at global scale, as suggested recently (Darcy et al., 2011) .
Materials and methods

Study sites and environmental data
The ablation zone of Miage glacier (451 47 0 N, 061 52 0 E, Mont Blanc massif) is debris covered from about 2400 m above sea level (a.s.l.) to the terminus at 1720 m a.s.l. The debris cover is mainly composed by gneisses, schistes and granites (Brock et al., 2010) , and ranges in thickness between a few centimetres to more than 1 m at the terminus.
Belvedere glacier (451 57 0 N, 41 34 0 E, Monte Rosa massif) is debris covered from about 2300 m a.s.l. to the terminus at 1750 m a.s.l. Rock debris is mainly composed by gneisses, micaschists and granites, and ranges in thickness between a few centimetres to more than 1 m at the terminus (Diolaiuti et al., 2003) .
Debris thickness on both glaciers was estimated by analysing, according to empirical models, kinetic surface temperature maps (pixel size 90 Â 90 m 2 ) acquired by the ASTER satellite on 5 August 2009 (Belvedere glacier) and 12 August 2009 (Miage glacier) at 10:40 am local solar time (Taschner and Ranzi, 2002; Mihalcea et al., 2008) . Annual surface velocity of both glaciers was measured by the differential global positioning system method (Diolaiuti et al., 2005; Caccianiga et al., 2011) . Surface elevation was extracted from 2003 Digital Elevation Models. The organic carbon (OC) content of sampled debris was quantified by the dichromate oxidation and titration (Walkley and Black method; Schumacher, 2002) on the clastic fraction o2 mm, and pH was measured on the same clastic fraction in a distilled water soil suspension (1 : 2.5 soil : water ratio) by a portable pH meter (mod. HI 991300; Hanna Instruments, Woonsocket, RI, USA).
The two glaciers significantly differ in surface temperature, slope at sampling sites and pH values of sampled debris (see Supplementary Information for further details on glaciological features).
Debris sampling and DNA extraction On both glaciers, samples were aseptically collected at the surface of the debris cover at approximately constant intervals (elevation and distance) from 1794 to 2043 m a.s.l. on the Miage glacier and from 1803 to 2085 m a.s.l. on the Belvedere glacier (Supplementary Table S1, Figure 1 ) both in July 2009 (the 28th on Miage and the 2nd on Belvedere) and September 2009 (the 10th on Miage and the 18th on Belvedere). Large clasts were discarded during sampling. The sampling point position was determined in July by a global positioning system (Oregon 300; Garmin Ltd, Olate, KS, USA). Global positioning system was used to recover the sampling sites in September. In the field, each sampling site was also visually recognized by the aid of a picture of the sampling location taken during the first visit in July. Samples were, therefore, taken at (approximately) the same site, with the only exception of sample 4 on the Miage glacier, which was sampled in different positions in July and September because the sampling point of July could not be reached in September because of a crevasse. In all, 9 samples were aseptically collected on Miage glacier and 10 on Belvedere glacier. Debris samples were kept at þ 4 1C during transport to the laboratory, which occurred within 12 h. Samples were then divided into two aliquots: one was stored at À 20 1C for DNA extraction and the other at þ 4 1C for the analyses of OC and pH. No replicated samples were taken at each site because multivariate regression-like analyses (see Statistical methods) were used to investigate the change in the structure of microbial communities along an ecological gradient (Lennon, 2011) .
DNA was extracted from 0.5 g of debris using FastDNA Spin for soil Kit (MP Biomedicals, Solon, OH, USA) following the manufacturer's instructions. Amplification tests were carried out on the extracts and ensured that no inhibition occurred during amplification of the different DNA samples.
Further information on field and laboratory procedures is available in the Supplementary Information.
16S rRNA gene fragment sequencing
The V5 and V6 hypervariable regions of the 16S rRNA gene were polymerase chain reactionamplified using 783F and 1027R primers (Huber et al., 2007; Wang and Qian, 2009 ; see also the Supplementary Information), for Genome AnalyzerIIx sequencing. Six to eight purified amplicons with different barcodes at 5 0 end of the forward primer (Supplementary Table S2 ) were pooled in 100 ml samples with a DNA concentration of 50 ng ml À 1 . Multiplexed sequencing of all the pooled samples was performed on a single Illumina GA-IIx lane, using a paired-end 76 bp protocol and the 4.0 sequencing chemistry. Illumina Real-Time Analysis software, version 1.8.7 (San Diego, CA, USA), was used to perform the cluster extraction and basecalling processing analyses.
Sequence processing and data analysis Each sequence was assigned to its original sample according to its barcode. After sorting, the reverse read of each paired-end sequence was reversecomplemented and merged with the corresponding forward read, inserting 20 Ns in between (Claesson et al., 2010 ). A quality cutoff was then applied to remove sequences that did not contain the barcode or with an average base quality value (Q) lower than 30. The barcode was removed from sequences before further processing.
The taxonomic attribution of the filtered sequences was carried out using the stand-alone version of Ribosomal Database Project Bayesian classifier, using 50% confidence cutoff as recently suggested for sequences shorter than 200 bp (Wang et al., 2007; Claesson et al., 2009) . Operational taxonomic units (OTUs) were defined on the basis of the Ribosomal Database Project classification, considering the fourth taxonomic level, which for most bacteria corresponds to the Order.
The sequences classified as Polaromonas spp. by Ribosomal Database Project classifier with a confidence level 480% were selected and clustered by UCLUST algorithm through QIIME interface (Caporaso et al., 2010) with the following parameter values: max_accept ¼ 0, max_reject ¼ 0, sort by abundance and sequence identity 99%. The GenBank Polaromonas sequences (Darcy et al., 2011) were used as reference database. Among the sequences clustered on the seed reference sequences, we selected the unique Polaromonas Bacteria of debris-covered glaciers A Franzetti et al sequences from the Miage and Belvedere glaciers, respectively. The use of unique sequences at each glacier avoids inflating the effect of samples collected at very short geographical distances. The 43 unique within-glacier Polaromonas sequences obtained were used in the analyses of the biogeography of Polaromonas genus (see Statistical methods) along with 55 sequences from 15 glaciers throughout the world published in Darcy et al. (2011) and obtained from the GenBank (Benson et al., 2010) . Polaromonas sequences were aligned using SILVA database as template and the genetic distances between them were computed with MOTHUR (Schloss et al., 2009) . The source codes used for sequence processing and data formatting are available upon request from the authors.
Statistical methods
To compare samples that largely differ in the number of sequences (6047-42 864, see also Results), 6000 reads were randomly selected from all libraries and used in the analyses of the structure of microbial communities. Such number of sequences allows an accurate determination of b-diversity among microbial communities (Caporaso et al., 2012) . In addition, accumulation curves at each sampling site suggest that a-diversity could be captured with 6000 reads per sample, at least at the fourth taxonomic level (details not shown).
The number of sequences belonging to each OTU was considered an estimate of bacterial abundance at each sampling site. Ecological determinants of the structure of microbial communities were investigated by redundancy analysis (Legendre and Legendre, 1998; Borchard et al., 2011) and hierarchical cluster analysis with the complete linkage method, on Hellinger distances between bacterial communities. This distance was chosen as it is metric, depends on the difference in the proportion of OTUs between samples, decreases the importance of OTU abundance over occurrence and avoids the double-zero problem when comparing OTU composition between samples (Legendre and Legendre, 1998; De Caceres et al., 2010) .
We preliminarily investigated the correlations among environmental variables to avoid entering highly correlated predictors in the statistical models (see Supplementary Information for details on variables excluded from the analyses). Predictors entered in models were distance from the glacier terminus, pH, two dichotomous variables indicating the glacier (Belvedere or Miage) and the month (July or September), slope, ablation rate, debris thickness and amount of OC in the sample. Models were simplified by backward selection of non-significant variables. Analyses were performed with the VEGAN package (Oksanen et al., 2009 ) and the HCLUST procedure in R 2.8.1 (R Development Core Team, 2008) . Difference in OTU abundance among glaciers or months was tested by t-tests, and variation in OTU abundance according to other environmental variables was tested by correlations. P-values were corrected for multiple testing according to the false discovery rate (FDR) procedure (Benjamini and Yekutieli, 2001 ) using the MULTTEST package in R 2.8.1.
For the analysis of the biogeography of Polaromonas, we calculated the matrix of great-circle distances among glaciers using in-house procedures (see Ambrosini et al., 2009) . The matrix of genetic distances among sequences (see above) was then related to the matrix of geographic distances by means of Mantel tests and Mantel correlograms (corrected by the FDR procedure). Sampling sites were unevenly distributed worldwide (Supplementary Table S4 and Supplementary Figure S3 ). Breaks among distance classes in the Mantel correlogram were therefore arbitrary set to values corresponding to gaps in the distribution of distances among glaciers. The number of genetic distances in each geographical distance class ranged between 315 and 945, thus assuring adequate power to all statistical tests. See also Supplementary Information for why this procedure was preferred over alternative ones.
Data accessibility
Demultiplexed fastq-formatted DNA sequences have been deposited to Sequence Read Archive, study accession number ERP001386 (http://www.ebi. ac.uk/ena/data/view/ERP001386). Fasta-formatted DNA sequences of Polaromonas have been uploaded as Supplementary Information.
Results
After sorting and quality filtering, the number of 2 Â 76 bp paired-end sequences obtained from the sequencing was 829 657, while the number of sequences of each library ranged from 6047 to 42 864 (Supplementary Table S3 ).
As reported in previous works, the number of sequences classified at 50% confidence level by the Bayesian classifier at a given taxonomic level sharply decreased from Domain to Genus level owing to the detection of unknown bacteria (Roesch et al., 2007; Franzetti et al., 2011) . The classification of all the filtered sequences is reported at the fourth taxonomic level (Order; Figure 2 and Supplementary Figure S1 ) to take into account most of the sequences and to assure a classification accuracy 480% (Claesson et al., 2010) . The total number of classified taxa in the sample ranged from 46 to 68 (Supplementary Table S3 ). At each sample, 33.9-51.7% of sequences were not classified. In all the communities, Actinobacteridae, Sphingobacteriales and Burkholderiales were the dominant Bacteria of debris-covered glacierstaxa and accounted for 450% of the classified sequences. As reported in Figure 2 , at lower taxonomic levels most of the Actinobacteridae belonged to suborder Micrococcineae and Propionibacterineae; almost all (74-80%) of the Sphingobacteriales were classified as Chitinophagaceae, while Comamonadaceae family was the dominant taxon within the order Burkholderiales. Furthermore, most of the Comamonadaceae sequences belonged to genera Polaromonas (61% for Miage and 63% for Belvedere) and Variovorax (25% for Miage and 24% for Belvedere).
Structure of microbial communities
Cluster analysis partitioned samples into three main groups, which however did not correspond to any obvious subdivision according to glacier and/or season (Supplementary Figure S2) . Redundancy analysis indicated that the structure of microbial communities differed significantly between glaciers and months, and changed with increasing distance from the glacier terminus, amount of OC in the debris and ablation rate at sampling site (Table 1 and Figure 3 ).
Relative abundance of Acidimicrobidae, Rubrobacteridae, Sphingobacteriales and Sphingomonadales increased (rX0.515, n ¼ 38, P FDR p0.024) at increasing levels of OC in the debris, and that of Xantomonadales significantly decreased (r ¼ À 0.501, n ¼ 38, P FDR p0.031) at increasing ablation rate. Distance from the terminus did not significantly affect the abundance of any OTU (|r|p0.453, n ¼ 38, P FDR X0.072). Abundance of 16 OTUs significantly differed between Belvedere and Miage glaciers: Acidimicrobidae, Actinobacteridae, Gemmatimonadales, Gp4, Nitrospirales, Rubrobacteridae, Sphingobacteriales and Sphingomonadales were more abundant in the Miage glacier than in the Belvedere glacier (t 36 p À 3.390, P FDR p0.033), while the reverse held true for Caulobacterales, Chlamydiales, Clostridiales, Gp1, Opitutales, Planctomycetales, Rhodospirillales and Xanthomonadales (t 36 X3.600, P FDR p0.024). Finally, abundance of Bacillales differed significantly between months, being larger in July than in September (t 36 ¼ 3.446, P FDR ¼ 0.021).
Biogeography of Polaromonas genus
The 43 Polaromonas sequences retrieved in this study were combined with the 55 sequences from Darcy et al. (2011) Figure 2 Taxonomic classification using a Ribosomal Database Project Bayesian classifier (50% confidence level) of the filtered sequences. Classification of all the filtered sequences is reported at the fourth taxonomic level. Classification at lower taxonomic levels is reported for Actinobacteridae, Burkholderiales and Sphingobacteriales. Significance was assessed by a randomization procedure (Legendre and Legendre, 1998) .
Bacteria of debris-covered glaciers A Franzetti et al
(Supplementary Figure S3) . We re-run the analyses carried out by Darcy with this expanded data set. Genetic distance among unique within-site Polaromonas sequences was positively correlated with geographic distance among sites (r M ¼ 0.202, Po0.001, one-sided test). Mantel correlogram indicated that sequences sampled at o100 km was significantly more similar than those sampled at larger distance (r M ¼ 0.117, P FDR ¼ 0.007, one-sided tests). The same held true for sequences retrieved in glaciers between 9400 and 13 500 km to each other (r M ¼ 0.109, P FDR ¼ 0.007, one-sided tests; Figure 4 ). Shifting the cutoff limits of these two distance classes did not qualitatively change the results of the correlogram analysis (see Supplementary Information for details).
Discussion
This work represents the first attempt to characterize the microbial communities on the debris cover of alpine DCGs and to determine possible environmental factors affecting their diversity.
Microbial communities of the debris were dominated by Actinobacteridae, Sphingobacteriales and Burkholderiales. The dominant taxon was the Actinobacteridae that represented 27% and 22% of the classified sequences at Miage and Belvedere glaciers, respectively. Most of these sequences were classified as Micrococcineae and Propionibacterineae, in accordance with recent studies specifically addressing the structure of Actinobacteria in cold environments (Jiang et al., 2010; Sanyika et al., 2012) . Moreover, Actinobacteridae are ubiquitous in soils under very different climatic conditions (Madigan et al., 2009) and their high abundance is consistent with the presence of OC in the sediments, despite that the average OC content of debris sampled in Miage and Belvedere glaciers was 0.83 (0.72 s.d.) g kg À 1 . This value is much lower than that of young soils (1-100 years) in European Alps, which range from 1.9 to 147.8 g kg À 1 (Egli et al., 2012) .
Sphingobacteriales, which belongs to the phylum Bacteroidetes, is the only major taxon whose relative abundance significantly increased with increasing level of OC in the debris. This confirms the results from Fierer et al. (2007) , where Bacteroidetes were positively correlated with C mineralization rates, which is a proxy of OC available to microorganisms. In addition, most of Sphingobacteriales sequences (74-80%) were classified as Chitinophagaceae at the family level (Figure 2) . These microorganisms are able to degrade chitin and other complex polymeric organic matter (del Rio et al., 2010) . Chitinophagaceae and other chitinolytic bacteria dominated the Bacteria of debris-covered glaciers A Franzetti et al microbial communities of Antarctic soils and glacier forefields (Brankatschk et al., 2011; Ganzert et al., 2011) . Chitin provides both C and N to the microorganisms (Moorhead et al., 2012) and may be supplied by arthropods, whose presence was already documented on the Miage glacier (Gobbi et al., 2011) , and by fungi, which occur in recently deglaciated soils (Zumsteg et al., 2012) . Interestingly, arthropods' communities showed a turnover along the Miage glacier tongue, and richer and more structured communities occurred close to glacier terminus (Gobbi et al., 2011) . Despite the fact that no data on the concentration of chitin in the debris cover of DCGs are available, we speculate that chitin might represent a relevant fraction of the OC in the debris of DCGs. The majority of the Burkholderiales sequences retrieved in this study belonged to the Comamonadaceae family (65%) and, in particular, to the genus Polaromonas, which represented 5.6% (Miage glacier) and 5.8% (Belvedere glacier) of the total sequences classified at genus level (Figure 2 ). This confirms the results of Nemergut et al. (2007) , who found high abundances of Polaromonas in recently deglaciated areas. According to the genomic and metagenomic data, Polaromonas possesses the dormancy-inducing gene hipA, which might enhance its ability to survive to low temperature and long-range transport (Darcy et al., 2011) . Moreover, Polaromonas strains from cold soils are able to oxidize a wide range of substrates (see Darcy et al. (2011) and references therein) and it has been recently demonstrated that a Polaromonas strain is able to weather recently exposed rocks (Frey et al., 2010) . Despite the fact that we have no direct evidence of these abilities in the local Polaromonas strains, we can speculate that all these features might provide Polaromonas with selective advantages over other microorganisms in colonizing new substrates and therefore contribute to its high abundances.
It has been postulated that bacterial autotrophs may play a crucial role in the initial stages of microbial colonization and ecosystem development on rock substrates due to the low nutrient content, few available OC and scarce vegetation of fresh substrates . Autotrophic bacteria processes may have significant rock-weathering activity. For example, chemolithotrophic iron/sulphur oxidizers may contribute to weather pyritebearing rocks by lowering the pH even when present at low abundances in the microbial communities (Borin et al., 2010; Mapelli et al., 2011) . Endolithic Cyanobacteria may also contribute to silica dissolution through alkalinization (Mapelli et al., 2012) . Interestingly, a red surface patina can be observed on Miage debris, whose lithology shows general similarities with the one described by Borin et al. (2010) , but is less widespread on the Belevedere, whose debris has a slightly different lithology and a more acidic substrate (see Supplementary Information). However, no sequence classified as Acidithiobacillales (Order) was found either on Belvedere glacier or Miage glacier, and pH values of the samples (pH45) suggested a negligible contribution of these bacteria to rock-weathering.
The most described role of autotrophs in early succession stages is the CO 2 fixation. Particularly, some works suggested that Cyanobacteria are important sources of C in very early succession stages and some surveys did report high abundances of Cyanobacteria in early colonization stages (Nemergut et al., 2007; Schmidt et al., 2008; Zumsteg et al., 2012) . On the contrary, other investigations showed low abundances of Cyanobacteria in glacier forefields without any relation between their abundance and soil age Sattin et al., 2009; Goransson et al., 2011; Knelman et al., 2012) . Hence, the role of Cyanobacteria in the very early stages of ecosystem development is currently controversial. Our results add another piece of evidence against the old paradigm stating that these microorganisms are early pioneer organisms. In fact, Cyanobacteria were not among the dominant taxa in the debris, as they represented only 2.1% and 0.9% of the sequences classified at Class level at Belvedere and Miage glaciers, respectively.
Redundancy analysis showed that glacier, month, distance from the terminus, ablation rate and OC content significantly influenced the structure of the bacterial communities. Abundance of 16 taxa significantly differed from Belvedere and Miage glaciers. This is not surprising since the importance of local factors such as climatic conditions, bedrock composition, soil texture and pH in influencing bacterial diversity has been already documented (Mannisto et al., 2007; Lazzaro et al., 2009; Zumsteg et al., 2012) . Particularly, the influence of pH was reported in several papers, although with contrasting results (Eskelinen et al., 2009; Lauber et al., 2009; Borin et al., 2010; King et al., 2010; Philippot et al., 2011; Knelman et al., 2012) . Despite the fact that the microbial community structure did not show any significant relation with pH, the debris of the Belvedere glacier was on average more acidic than that of the Miage glacier (see Supplementary  Information) . Hence, the observed difference in microbial community structure between the two glaciers may reflect a difference in average pH of the debris.
On a DCG, distance from glacier terminus, ablation rate and OC content of the debris are intimately related. Indeed, the rock coverage of a DCG is characterized by a continuous input of fresh, poorin-OC debris from surrounding rocks in the upper part of the glacier. During downwards transport by glacier movements, OC content in the debris increases due to several concomitant mechanisms as a longer exposure of sediments to wind-blown organic matter, increased organic activity at lower altitudes and greater debris colonization by plants and animals. This leads to a gradient in the OC content of debris. Hence, distance from the terminus is a proxy of the time during which debris weathering and bacterial and vegetation colonization occur. Local ablation rate also increases toward the terminus, and is higher in areas where glacier movements determine a finer debris cover and even exposure of ice, for example, in areas with crevasses (Pelfini et al., 2012) . Hence, OC content, ablation rate and distance from the terminus may probably be considered proxies of variation in general ecological features of the supraglacial debris that occurs during down valley transport. This interpretation is corroborated by the observations that distance from the terminus is represented by a vector opposite to those representing the other two variables in the redundancy analysis plot (Figure 3) . The results from the multivariate analysis therefore suggest that glacier debris cover may host chronosequences similar to those observed in glacier forefields Nicol et al., 2005; Nemergut et al., 2007; Schmidt et al., 2008; Sattin et al., 2009; Schutte et al., 2009 Schutte et al., , 2010 Philippot et al., 2011; Knelman et al., 2012; Zumsteg et al., 2012) .
Overall, the results of this study of the variation in the structure of microbial communities along DCGs and the detailed analysis of the taxa that predominate in the communities suggest that bacteria with heterotrophic metabolisms dominate the microbial communities of the debris cover of the studied glaciers. Therefore, during the initial stages of soil development in these extreme environments, organic C seems to be mainly provided by allochthonous deposition of organic matter (for example, plant debris, insects, animal excrements) rather than by CO 2 incorporation, as already supposed for glacier forefields (Schmidt et al., 2008; Brankatschk et al., 2011) . In addition, the nutrient bioavailability in such extreme environments might be enhanced by the activity of specialized rockweathering bacteria, and chitinolytic bacterial activities might further contribute to enrich supraglacial debris in organic matter.
The study of the biogeographical pattern of Polaromonas distribution revealed that the genetic distance among phylotypes was positively correlated with geographic distance. In addition, phylotypes collected at sites o100 km and between 9400 and 13 500 km to each other were significantly more similar than those collected at other distance classes. The significant similarity of sequences retrieved in glacial areas separated by o100 km and the significance of the Mantel test, which indicates a genetic by distance divergence of Polaromonas strains, suggests that geographic distances contribute to the genetic structuring of Polaromonas phylotypes. However, the Mantel correlogram showed that sequences retrieved at glaciers separated by 9400-13 500 km to each other were significantly more similar to each other than sequences found at glaciers in other distance classes. On the one hand, this result is not surprising, as it is similar to the findings of Darcy et al. (2011) , from which most of the Polaromonas sequences used in this paper were obtained, where a significant similarity between sequences at thousands of kilometres to each other was observed. On the other hand, this result is difficult to explain, as we have no clear hypothesis about why glaciers at this distance class should host Polaromonas strains that are significantly more similar to each other than those found on glaciers at other distances. Maybe, Polaromonas strains do are ubiquitous, as suggested by Darcy et al. (2011) and in contrast with the previous results. However, if Polaromonas strains had a really cosmopolitan distribution, the Mantel correlogram would have identified no significant difference in the genetic distance between sequences at any distance class. Further investigation on a larger number of Polaromonas sequences from more glacial areas of the world are needed to assess whether strains of this bacterial genus do show a biogeographical distribution or are cosmopolitan.
In summary, the results of this study on bacterial communities of DCGs add pieces of evidence supporting the hypotheses that (1) the structure of microbial communities changes according to the time of exposure of the sediment; (2) autotrophic organisms are not the only important early pioneers of recently exposed substrates, but heterotrophic and rock-weathering organisms may play a crucial role in soil formation by exploiting allochthonous deposition of organic matter and enhancing nutrient availability. Moreover, contrasting evidences about the hypothesis on the biogeographical distribution of Polaromonas phylotypes were found, and it is still unclear whether strains of this cosmopolitan bacterial genus do show a biogeographical pattern of distribution or they have a worldwide distribution.
